Despite most of the applications of anatase nanostructures rely on photo-excited charge processes, yet profound theoretical understanding of fundamental related properties is lacking. Here, by means of ab-initio ground and excited-state calculations we reveal, in an unambiguous way, the role of quantum confinement effect and of the surface orientation, on the electronic and optical properties of anatase nanosheets (NSs).
photoactive sites are present, improving the performances with respect to Degussa samples.
It is important to stress that even if the (001) facets seem to be more photo-reactive than (101) ones, experiments do not provide homogeneous results. Indeed, in terms of presence of fivefold Ti atoms at the surface, the (001) facet should be more photoreactive than the (101) one, but the opposite should be true because highly reductive electrons should be generated at the (101), being the conduction band minimum higher in energy. 17 As a partial explanation for the conflicting results concerning (001) and (101) facet photoconversion activity one could adduce the fact that the stabilization of the (001) "bulk-cut" surface, by means of a fluorine mediated passivation technique, is a process that has been only recently theoretically predicted and experimentally developed, 9,11 thus providing a conclusive remark about the photoreactivity issue can appear still a quite cumbersome task. On the other hand, experiments have shown that the (001) surface of anatase TiO 2 is much more reactive than the more stable (101) surface. 18 In particular, in the photocatalytic oxidation process the (001) termination is the main source of active sites. 15, 19 Anyway, the presence of less reactive {101} facets characterizes the vast majority of anatase nanocrystals. According to these findings, it is expected that TiO 2 NSs with exposed {001} facets have an enhanced photocatalytic activity compared to those nanoparticles where larger is the amount of (101) terminations. 9, 19 To further stress the dualism in terms of photoreactivity between the two facets, it is worth pointing out that novel PV technologies based on organic-inorganic halide 36 For the GW simulations a plasmon-pole approximation for the inverse dielectric matrix has been applied, 37 136 eV (952 eV) are used for the correlation Σ c (exchange Σ x ) part of the self-energy and the sum over the unoccupied states for Σ c and the dielectric matrix is done up to about ∼50 eV above the VBM. In order to speed up the convergence with respect empty states we adopted the technique described in Ref. work, 42 where we focused on anatase and lepidocrocite thinnest sheets, we have named this structure Anatase-AS2. Despite the asymmetric Ti-O bond structure has not been detected experimentally, the larger stability of the asymmetric bond type with respect to bulk-terminated symmetric one is widely predicted at the theoretical level. 43 This result can be ascribed to the residual stress amount present in the reconstruction. We focus on It is important to underline that due to the depolarization effect 42,45,46 the optical spectra for light depolarized perpendicularly to the nanosheet (not reported here) are almost zero when, as in the present study, the singleparticle approach is overcome taking into account local-field effects. First of all we note that increasing the sheet thickness, the position of the first optical peak rapidly recovers the bulk-like position. Moreover, from the analysis of the optical spectrum in terms of excitonic eigenvalues and eigenvectors, we know that, while in the bulk the first optical peak (at ∼3.8 eV) corresponds to a bright exciton (indicated by B in the figure) and any lower dark exciton is present, in the NSs several excitons with weak oscillator strength appear, where the position of the first one is indicated in the figure by D. Fig.2(b) shows the corresponding optical spectra calculated for the two (101)-oriented NSs. In this case a larger QC effect with respect to the other orientation is clearly visible. As we will discuss later on, this different behavior due to quantum-confinement is strictly related to the spatial character of the first exciton.
To further illustrate the role of quantum-confinement in Fig.3 we report the value of the direct and indirect QP electronic gaps together with the energy of the first bright exciton as function of the (001) sheet thickness; since we considered only two (101) sheets of different thickness we did not include the corresponding data for this orientation.
As reported in previous literature (see i.e. refs. Still looking at Fig.3 , it is clear that the electronic and optical gaps have a different behavior decreasing the thickness of the nanosheet. Indeed, the electronic QP direct and indirect gaps remain larger than the corresponding bulk value for the considered thicknesses.
This can be explained by the fact that the self-energy correction, due to the reduced dielectric screening and localization of the wavefunctions, strongly increases reducing the NS thickness.
The scaling exponents able to fit the direct and indirect gaps are 1.05 and 0.88, respectively.
Similar exponents (∼1) have been obtained in previous works 44, 49, 50 that take into account the many-body self-energy corrections in nanostructures of different dimensionality.
On the other hand, as the NS thickness increases, the optical (excitonic) direct gaps converge more rapidly to the corresponding optical direct gap of the bulk. Again this finding is consistent with previous studies of many-body effects in low-dimensional materials and can be explained in terms of compensation of the induced polarization effect present both in the quasi-particle self-energy and in the Bethe-Salpeter kernel. In other words, for the optical data, the convergence is reached as soon as the bulk-like excitonic wave function is contained in the NS thickness which is at d ∼ 2 nm. 51 As already observed in other studies, 44,50 the scaling exponent able to fit the optical data results larger (for the anatase nanosheets is 1.97) than the value used to fit the electronic QP gaps. It is worth observing that although this value is very similar to 2 − the exponent of the ideal particle-in-a-box model − the physics of the exciton described here is completely different and this value can be understood only in terms of the cancellation of the induced polarization effect which is present both in the GW and in the BSE kernel that then rapidly cancels out as the size of the nanostructure increases.
We aim now to discuss the spatial character of the first bright exciton (B) of the (001)- Then from this specific, quasi 2D, spatial distribution of the exciton, mainly induced by the lattice geometry (see ref. 22 for more details), we can deduce some conclusions. Due to the extreme localization of the exciton along the [001] direction, when the hole is created in a bulk position the exciton does not touch the surfaces already for thickness of the (001) NS of the order (or larger) of 1.8 nm. As consequence, as we have shown in Fig.2 , a bulk-like behavior of the optical spectrum is rapidly recovered in the (001)-oriented NSs, while a larger QC effect is visible in the (101) NSs of comparable thickness, due to the fact that in this case the excitonic wavefunction extends up to the two surfaces, remaining confined.
Moreover, we suggest that it could contribute to the larger photo-reactivity often reported in anatase nanostructures when a large percentage of (001) facets is present. Indeed recent experiments have shown that i) in the photo-catalytic process the reduction and oxidation reactions preferably occur on (100)/(101) and (001) facets, respectively 52 ii) the thickness of anatase nanocrystals when a large percentage of (001) facets is present, is thinner in the
[001] than in other crystallographic directions. 53 These two facts, in addition to the observed exciton spatial distribution, suggest that when a large percentage of (001) facet is present, the photo-excited hole can easily reach the (001) termination, especially if created not far from it and, at the same time, due to the delocalized nature of the exciton in the (001) plane, there is a non-zero probability to collect instantaneously the electron at other terminations, like the (101) surfaces. Although at the moment this is only a speculation, we point out that recent works in organic 54, 55 and hybrid organic-inorganic 56 PV materials show that the presence of extremely delocalized coherent excitonic bound states, due to the low dielectric screening, can contribute to enhance the photo-conversion efficiency.
To summarize, by means of the Bethe-Salpeter equation solution, we have here investigated the excitonic behavior of anatase nanosheets with majority and minority surface orientation.
In particular, for (101) and (001)-oriented NSs, we have focused on quantum-confinement effects and on the role they play on the optical properties of such NSs. While the former show a more marked QC ascribed to the exciton confinement induced by the two {101} delimiting surfaces, in the case of the (001) orientation we instead observe the existence of a threshold thickness value (∼ 2 nm) above which the bulk optical behavior is recovered. The specific quasi two-dimensional character of the exciton can be related to the difference in terms of photo-reactivity between the two orientations, with relevant consequences in devices exposing the two different facets. 
